The replication of canine distemper virus (CDV) in Vero cells was found to require certain amino acids such as arginine, methionine and valine. The deprivation of methionine caused the most marked reduction in virus yield. In cells cultured in medium deprived of methionine, the early processes of viral replication such as adsorption, penetration and uncoating of virus occurred at normal rates, but the syntheses of viral RNA and protein were markedly reduced. The addition of S-adenosylmethionine to methionine-free medium resulted in the growth of CDV to the level obtained in cells with complete medium. Moreover, cycloleucine, which is known to reduce the methylation of mRNA by inhibiting the synthesis of S-adenosylmethionine, also inhibited the growth of CDV, and the addition of methionine or S-adenosylmethionine reversed the inhibitory effect of cycloleucine. The possibility of an inhibition of methylation of mRNA in methionine-deprived cells is discussed.
INTRODUCTION
It has been reported that specific amino acids are essential for the replication of certain viruses. For example, arginine is required for adenoviruses (Rouse & Schlesinger, 1967; Russell & Becker, 1968) , herpesviruses (Becker et al., 1967; Inglis, 1968; Mikami etal., 1974) , respiratory syncytial virus (Levine et al., 1971) , Newcastle disease virus (NDV) (Iinuma et al., 1973) and measles virus (Romano & Scarlata, 1973) , methionine for vesicular stomatitis virus (VSV) (Gillies & Stollar, 1981) , Sindbis virus (Stollar, 1978) and measles virus (Romano & Scarlata, 1973) , glutamine for Sendai virus (Ito et al., 1974) and Chikungunya virus (Matsumura et al., 1975; Sasao et al., 1980) , and cystine for dengue virus (Matsumura et al., 1975) . Various mechanisms have been postulated to explain the effects of deprivation of amino acids. Arginine deprivation inhibited the synthesis of viral structural proteins of NDV and Marek's disease virus. Glutamine deprivation affected the assembly of viral components of Chikungunya virus although it did not affect the syntheses of RNA and protein. Methionine deprivation inhibited RNA synthesis of VSV and Sindbis virus.
The effect of amino acids on the replication of canine distemper virus (CDV) had not been investigated. In the present study, deprivation of methionine was shown to suppress the growth of CDV possibly by inhibiting the synthesis of viral mRNA.
METHODS

Viruses.
The Wisconsin FXNO strain of CDV was used unless otherwise mentioned. It had been passaged 129 times in chicken embroys and then 83 times in Vero cells. In some experiments the Snyder-Hill and Rockborn t Present address: Technical Extension Service Division, Nippon Institute for Biological Science, Ome, Tokyo 198, Japan. strains of CDV, Miyadera strain of NDV, New Jersey serotype of VSV and JaGAr 01 strain of Japanese encephalitis virus (JEV) were also used. All virus strains were propagated in Vero cells. Virus stocks were dialysed against phosphate-buffered saline (PBS) to remove amino acids.
Cells. Vero cells were grown in Eagle's MEM supplemented with 10% calf serum, 0-295% tryptose phosphate broth, 0.14~ NaHCO3, 100 units/ml penicillin, and 100 ~tg/ml streptomycin.
Virus assay. A plaque assay was performed as described previously (Hirayama et al., 1978) for the titration of the FXNO strain and a tube titration for the other strains.
Test for amino acid requirement. Vero cells were washed twice with PBS and maintained for 24 h in the medium deprived of an individual amino acid. These cells are referred to as individual amino acid-free cells and were infected with the FXNO strain of CDV at a m.o.i, of 0.02. After adsorption for 1 h, the ceils were washed twice with PBS and maintained in individual amino acid-free medium supplemented with 2% dialysed calf serum. The cells were harvested daily for 6 days after virus infection, and suspended in each medium. After freezing and thawing four times, they were centrifuged at 2000 r.p.m, for 10 min, and the infectivity in the supernatant was titrated.
Determination of rates of virus adsorption and penetration. Vero cells cultured in methionine-free or complete medium were infected with 200 p.f.u, of virus and incubated at 37 °C. At intervals, two dishes were washed three times with PBS and overlaid with agar medium for determination of the adsorption rate. For investigation of the penetration rate, two dishes were treated with a glycine-HCl-buffered saline pH 3.0 (Kohno et at., 1968) for 5 min on ice, the pH was brought back to 7-0 by the addition of 67 mM-Na2HPO4, and the dishes were overlaid with agar medium. The number of plaques was counted 6 days later.
Measurement of virus uncoating. Vero cells cultured in methionine-free or complete medium were infected with 7.4 x 105 p.f.u, of virus. After the low-pH treatment by glycine-HCl-buffered saline used to determine the penetration rate, the cells were resuspended in medium, sonicated at 20 kHz for 10 s and centrifuged at 2000 r.p.m, for 10 min. Infectivity in the supernatant was titrated by the plaque method. By taking the infectivity titre obtained in this test as that of the virus that had penetrated but not uncoated, the proportion of uncoated virus to penetrated virus was calculated.
Isotope labelling of cells. Vero cells grown in 3.5 or 6 cm plastic dishes were infected with virus at a m.o.i, of 1. After adsorption for 1 h at 37 °C, the cells were washed twice with PBS and maintained in methionine medium which contained methionine at various concentrations.
For analysis of viral structural proteins, the cells at 36 h post-infection were incubated for I h in methionine medium also deprived of leucine and phenylalanine, and then labelled with 50 ~tCi [3H]leucine (60 Ci/mmol, Amersham) and [3 H]phenylalanine (22.5 Ci/mmol, New England Nuclear) in 0.5 ml of the same medium. After further incubation for 10 h, the cells were lysed with 1 ml of RIPA buffer (Lamb et al., 1978) for 15 min on ice.
For analysis of viral mRNA, the cells at 36 h post-infection were incubated in phosphate-free methionine medium containing 20 ~tg/ml actinomycin D for 2 h, and then labelled with 300 ~tCi carrier-free 32p (53 mCi/ml, Japan Radioisotope Association) in 1 ml of the same medium for 5 h.
lmmunoprecipitation and polyacrylamide gel electrophoresis (PAGE). Anti-CDV serum was prepared in guineapigs by immunizing with commercial canine distemper vaccine five times at 4-week intervals, lmmunoprecipitation was performed as described by Lamb et al. (1978) . In brief, 10 ktl antiserum was added to 200 ktl cell lysates and the mixture was kept at 0 °C for 90 min. Immune complexes were adsorbed on Staphylococcus aureus Protein A linked to Sepharose CL-4B (Pharmacia) at 0 °C for 1 h, washed four times with RIPA buffer and then analysed by electrophoresis.
Electrophoresis was carried out as described by Laemmli (1970) using gradient gels of 6 to 18% po~yacrylamide. Gels were subjected to electrophoresis for 18 h at 80 V. Autoradiography and fluorography were carried out as described by Lamb et al. (1976) . Autoradiograms were scanned by a densitometer for quantitative analysis of synthesized proteins.
Isolation of viral RNA. Labelled cells were washed three times with cold PBS, suspended in Tris buffer (0.01 MTris-HC1 pH 7.4, 0.001 M-EDTA, 0-1 M-NaC1) containing 0.5~ NP40 and placed on ice for 5 min. The nuclei were removed by centrifugation at 2700 r.p.m, for 10 min, and the supernatant containing cytoplasmic fraction was added to an equal volume of urea buffer (7 M-urea, 0-01 M-Tri~HC1 pH 7.4, 0.01 M-EDTA, 0-35 M-NaC1, 1% SDS). This cytoplasmic preparation was extracted twice with an equal volume of phenol-chloroform-isoamyl alcohol (50:50 : 1) saturated with Tris buffer. The extracted RNA was added to 0-1 vol. 2 M-sodium acetate, and then precipitated with 4 vol. ethanol at -20 °C overnight. The RNA was washed with 75 % ethanol, briefly dried in vacuo and suspended in water. The mRNA was selected by chromatography on an oligo(dT)-cellulose column (Aviv & Leder, 1972) .
Agarosegelelectrophoresis. Samples of viral RNA were treated with glyoxal (1 M-glyoxal, 50~ dimethyl sulphoxide in 1 M-sodium phosphate buffer pH 7.0) at 50 °C for 15 min and then at room temperature for 30 min. As a marker, 0.25 vol. dye solution, containing 0.125% xylene cyanol, 0.125% bromophenol blue, 35% glycerol, 1% SDS and 0.005 M-EDTA, was added. Electrophoresis was carried out at 18 mA for 16 h in 1 ~ agarose slab gels at 8 °C. Gels were dried and exposed to X-ray film at -70 °C. 
RESULTS
Effects of individual amino acid deprivation on virus yield
Amino acid requirements for the growth of CDV in Vero cells were examined by comparing the maximum virus yield obtained in individual amino acid-free medium with that in complete medium (Fig. 1) . The deprivation of methionine caused marked reduction in virus yield and that of arginine or valine caused slight reduction. Deprivation of the other amino acids did not affect the virus titre although the maximum titre in deficient medium tended to be delayed by about 3 days compared with that in complete medium. The deprivation of glutamine also caused marked reduction in virus yield, but its effect could not be evaluated, because the number of cells surviving in glutamine-free medium was markedly reduced and the cell monolayer was destroyed.
Effects of methionine deprivation on virus growth curve
Growth curves of the FXNO, Snyder-Hill and Rockborn strains of CDV in methionine-free medium were examined. As shown in Fig. 2 , growth of all three strains was markedly suppressed in methionine-deprived cells.
In subsequent experiments, the effect of different concentrations of methionine on virus growth was investigated (Fig. 3) . Almost the same virus yield was obtained in medium containing 1 mM-, 0"1 raM-(the concentration corresponding to that of complete medium) and 0.02 mMmethionine. Virus yields were reduced to about 1/1000 of those in medium without methionine or with 0-001 mM-methionine. Thus, the minimum concentration of methionine required for CDV growth was estimated to be 0.02 mM.
Methionine-dependent periods during virus replication
To determine methionine-dependent periods during virus replication, methionine-deprived cells were infected with virus and maintained for various periods with methionine-free medium or complete medium. At intervals, methionine-free medium was replaced by complete medium or vice versa. The virus titres were assayed 24 h after virus infection (Table 1) .
Virus multiplied in cells maintained with methionine-free medium for the first 6 h and for the remaining period with complete medium, to the same titres as those in cells with complete medium for the whole period. Similarly, methionine deprivation did not suppress virus yield 4.5 0.5 * Methionine-deprived cells were infected with virus at a m.o.i, of 2.5 and maintained either in methionine-free medium which was replaced by complete medium at the times shown, or in complete medium which was similarly replaced by methionine-free medium.
when the cells were maintained with complete medium for the first 18 h and then replaced with methionine-free medium. These results indicate that methionine is required for virus replication from 6 to 18 h after virus infection.
Effects of methionine deprivation on rates of adsorption, penetration and uncoating of virus
Effects of methionine deprivation on the early processes of viral replication such as adsorption, penetration and uncoating were examined. As shown in Fig. 4 , virus adsorption proceeded slightly more efficiently in cells maintained with methionine-free medium than those with complete medium. No significant difference w~is found in the rates of penetration and uncoating of virus between methionine-free and complete media.
Effects of methionine deprivation on the synthesis of viral proteins
Synthesis of viral proteins in methionine-deprived cells was analysed by SDS-PAGE. Under the present experimental conditions, four viral proteins, H, NP, F~ and M, were detected in cells maintained with the medium containing more than 0-01 mM-methionine. In cells maintained with medium containing less than 0.001 mM-methionine, the synthesis of viral proteins was sup- At intervals, (a) two dishes were washed three times with PBS to measure adsorption, or (b) two dishes were treated with a glycine-HCl-buffered saline pH 3.0, for 5 min on ice and then the pH was brought back to 7.0 by addition of 67 mM-Na2HPO,. These dishes were overlaid and plaques were counted to measure penetration. (c) Cells cultured with each medium were infected with 7.4 x 103 p.f.u, of virus. After the treatment with glycine-HCl-buffered saline, the viral infectivity in cells was assayed. The proportion of uncoated virus to penetrated virus is shown. 153 pressed; they were not detected except as a faint band of NP in cells maintained with methionine-free medium (Fig. 5 a) . In contrast, the synthesis of host cell proteins was not suppressed as markedly as that of viral proteins (Fig. 5 b) . Scanning by densitometer showed that the synthesis of viral protein was inhibited by over 80~ in cells maintained with 0.001 mM-methionine when compared with 0.1 mM-methionine, and host cell protein synthesis was reduced by less than 30 (data not shown).
Effects of methionine deprivation on the synthesis of viral RNA
RNA was extracted with phenol-chloroform from virus-infected cells and analysed by agarose gel electrophoresis. Under the present conditions, the synthesis of host cell RNA in uninfected cells was completely inhibited by actinomycin D (Fig. 6a) . Ten discrete bands of RNA were recognized in virus-infected cells (Fig. 6e, f) . Bands no. 2 to 10 bound to the oligo(dT)-cellulose column but band no. 1 failed to do so (data not shown). Thus, bands no. 2 to 10 are presumed to be viral mRNA. After a decrease in the methionine concentration in the medium, the synthesis of viral RNA was markedly inhibited; only a faint broad band could be seen in cells maintained with methionine-free medium (Fig. 6b) .
Zffects of cycloleucine and S-adenosylmethionine on suppressed virus growth induced by methionine deprivation
The mechanism of the suppressive effect of methionine-deprivation on viral RNA synthesis was investigated by using cycloleucine which is known to reduce the methylation of mRNA by inhibiting S,adenosylmethionine synthesis (Caboche & Bonnardiere, 1979) . Methioninedeprived cells were infected with virus and maintained with medium containing methionine, cycloleucine or S-adenosylmethionine at various concentrations. As shown in Table 2 , the addition of S-adenosylmethionine to methionine-free medium resulted in virus growth at the level obtained in cells with complete medium. Cycloleucine at 10 mg/ml caused a marked reduction in virus yield when methionine was added at low concentration (0.02 raM). In medium containing a normal level of methionine (0.1 raM), however, cycloleucine had no effect on virus yield. Moreover, the addition of S-adenosylmethionine to medium containing 0.02 mMmethionine and cycloleucine caused a marked increase in virus yield. These results suggest that methionine as well as S-adenosylmethionine prevents the inhibitory effect of cycloleucine and that methionine deprivation, like cycloleucine, inhibits the synthesis of S-adenosylmethionine. 
Effects of methionine-deprivation on the growth of some other viruses
The growth of some other viruses in methionine-deprived Vero cells was also studied (Table  3) chicken embryo cells (data not shown). These findings suggest that methionine requirement is a general phenomenon for CDV growth. The inhibition of CDV growth in methionine-deprived Vero cells was more prominent than that of NDV, VSV and JEV. Therefore, it is suggested that CDV replication is more dependent on methionine than these other viruses. As an alternative possibility, there may be several stages that are dependent on methionine during the process of CDV replication. It has been reported that methionine is essential for the replication of VSV and Sindbis virus in Aedes albopictus cells (Gillies & Stollar, 1981 ; Stollar, 1978) and measles virus in HeLa cells (Romano & Scarlata, 1973) . In the present study, synthesis of viral RNA as well as that of viral protein was inhibited in methionine-deprived cells, whereas the early replication processes such as adsorption, penetration and uncoating of virus proceeded at the normal rate. These findings are compatible with the fact that the methionine-dependent period is 6 to 18 h after virus infection.
With respect to the mechanism, Gillies & Stollar (1981) postulated that methionine deprivation inhibited the replication of VSV by preventing cap methylation of viral mRNAs. In the present study, addition of S-adenosylmethionine to methionine-free medium resulted in an increase in virus yield to the level obtained in complete medium. Moreover, the addition of cycloleucine, which is known to reduce the methylation of mRNA by inhibiting Sadenosylmethionine synthesis (Caboche & Bonnardiere, 1979) , to medium containing a low concentration of methionine inhibited virus growth, and this inhibitory effect was prevented by the addition of methionine or S-adenosylmethionine. These results may provide circumstantial evidence for the inhibition of cap methylation of viral mRNA in methionine-deprived cells as reported for VSV.
As to the RNA of CDV, Martin & ter Meulen (1976) reported seven species of poly(A)-containing RNA. Recently, Barrett & Mahy (1984) reported seven mRNAs. In the present study, ten bands of RNA could be identified. This discrepancy might be due to different experimental conditions, e.g. Barrett & Mahy used a blotting technique after electrophoresis in 1.5~o agarose gel containing 2 M-formaldehyde, whereas we analysed RNA by electrophoresis of glyoxal-denatured samples without blotting. Band no. 1 is regarded as genome-sized RNA because of its molecular weight of 4.61 x 106 and failure to bind to an oligo(dT)-cellulose column. The other nine RNAs are presumed to be viral mRNA since they bound to the column. The possibility of involvement of polycistronic messengers for some of these RNAs, as discussed by Udem & Cook (1984) , remains to be examined.
